Increasing global temperature and sea-level rise have led to concern about expansions in the distribution and prevalence of complex-lifecycle parasites (CLPs). Indeed, numerous environmental variables can influence the infectivity and reproductive output of many pathogens. Digenean trematodes are CLPs with intermediate invertebrate and definitive vertebrate hosts. Global warming and sea level rise may affect these hosts to varying degrees, and the effect of increasing temperature on parasite prevalence has proven to be nonlinear and difficult to predict. Projecting the response of parasites to anthropogenic climate change is vital for human health, and a longer term perspective (10 4 y) offered by the subfossil record is necessary to complement the experimental and historical approaches of shorter temporal duration (10 −1 to 10 3 y). We demonstrate, using a high-resolution 9,600-y record of trematode parasite traces in bivalve hosts from the Holocene Pearl River Delta, that prevalence was significantly higher during the earliest stages of sea level rise, significantly lower during the maximum transgression, and statistically indistinguishable in the other stages of sea-level rise and delta progradation. This stratigraphic paleobiological pattern represents the only long-term high-resolution record of pathogen response to global change, is consistent with fossil and recent data from other marine basins, and is instructive regarding the future of disease. We predict an increase in trematode prevalence concurrent with anthropogenic warming and marine transgression, with negative implications for estuarine macrobenthos, marine fisheries, and human health.
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parasites | disease | global warming | paleoecology | mollusks P redictions for the increase of global temperature and concomitant sea-level rise in the coming decades and centuries have led to concerns about the range expansion or shift of parasites and pathogens to higher latitudes, resulting in an increase in prevalence and severity of diseases. Indeed, environmental factors such as temperature, humidity, and precipitation can strongly influence the infectivity and reproductive output of many pathogens (1, 2); however, the life cycles of parasites can be quite complex, and accurately predicting how their prevalence will be influenced by these factors can be difficult. For example, digenean trematodes are complex-lifecycle parasites (CLPs) with multiple intermediate invertebrate hosts and a definitive vertebrate host. Environmental change may affect each of these hosts to varying degrees, such that a modest increase in temperature could result in an increase of parasite reproductive output and infectivity. However, a more severe increase in temperature could be beyond the thermal tolerance of one of the hosts, thus ultimately resulting in a decrease in prevalence (3) (4) (5) . Still other studies have produced quantitative models and compared spatial and temporal (seasonal-to historical-scale) aspects of climatic and other environmental variables with outbreak data in an attempt to disentangle the controls of disease, and it seems that the prediction of a simple range expansion of disease should not be expected (6) . Rather, because taxa have upper and lower tolerances to environmental variables, one should expect a range shift rather than expansion; moreover, an expanding range is not a given because other factors (e.g., competition or predation) can theoretically regulate such expansions (6) . Understanding the likely response of CLPs to anthropogenic climate change is vital for human health, but previous efforts have been limited to a shorter temporal scale of observation (10 −1 to 10 3 y). Here, we offer a complementary longer term perspective (10 4 y) to understand how CLP prevalence has responded to global change in the recent geologic past.
The fossil record, although sometimes criticized for its incomplete nature and varying temporal resolution of its strata (time averaging), can be a very reliable chronicle of the history of life and biotic interactions. Such records are especially reliable when fossil datasets are amassed in a high-resolution stratigraphic context wherein temporal trends of diversity or biotic interactions can be disentangled from shifting environments of deposition (7) . The subfossil record of the Holocene has proven to be particularly useful in providing high temporal resolution records of environmental change and biotic response, bridging the temporal divide between traditional ecological and geological studies (8) (9) (10) (11) . Attempts to quantitatively investigate the fossil record of CLPs are limited in that the preservational potential of parasites is typically very low (although they have occasionally been preserved) (12) and samples sizes tend to be Significance There is growing concern about how parasites will respond to climate change. Previous studies were based on data from short time scales (10 −1 to 10 3 y), but here we present, to our knowledge, the first analysis of the response of parasites to global change on a longer time scale (10 4 y), utilizing the subfossil record. A 9,600-y record of clams and flatworm parasites from the Pearl River Delta exhibits a significant spike in parasite prevalence during the initial phase of sea-level rise. This increase is not related to changes in salinity or intermediate host availability. Temperature and productivity cannot be quantified and tested as driving factors. These results suggest stark implications for macrobenthos, fisheries, and human health in the context of climate change. quite small; however, in some cases, it can be possible to greatly increase sample size by documenting parasite-induced malformations on hosts that have significantly greater preservation potential. Digenean trematodes induce the growth of characteristic pits and blisters on the interior of their bivalve mollusk second intermediate hosts (Fig. 1 ). These traces are readily preserved in the fossil record (10, 13, 14) and indicate that trematodes have indeed been completing their life cycle by infesting multiple invertebrate and vertebrate hosts in deep time. Trematodes are responsible for many diseases of both humans (e.g., schistosomiasis and swimmer's itch by freshwater Schistosomatidae) and nonhuman animals, but not all trematodes are known to induce traces in their hosts. The majority of studies addressing trace-maker identity seem to suggest that the Gymnophallidae (typically Parvatrema and Gymnophallus) are primarily responsible for the induction of pit formation in bivalve hosts (Table S1) ; therefore, our results should serve as a proxy for the response of this diverse digenean family.
Here we take advantage of a high-resolution complete Holocene record from the Pearl River Delta (China), which contains an abundant record of trematode-induced malformations in bivalves, (i) to determine how trematode prevalence has responded to eustatic sea-level change (and its environmental correlates) in the recent geologic record and (ii) to evaluate the prospects for trematode prevalence within the context of anthropogenic climate change and sea-level rise.
Results PRD-10 is a 24-m-long core sample that was drilled in the center of the Pearl River plain from which were collected 168 samples that record complete deposition through the Holocene (15) . Ten environmental zones within this core were established based upon molluscan, ostracod, foraminiferal, and lithological data and reveal, at the coarse scale, a protracted sea-level rise followed by delta progradation and lobe switching (see Table 1 for detailed analysis) (15) . A detrended correspondence analysis (DCA) of molluscan presence/absence data identified a primary gradient related to salinity, and the stratigraphic sequence of sample DC1 scores reveals a dynamic history of initial transgression (sequence boundary at base of zone B followed by flooding surface), continued transgression (zones C1-C2), maximum transgression (maximum flooding zone in zone C3), and a forced regression through delta progradation with fluctuations in salinity and depth controlled by delta lobe switching (zones D-G) (Fig. 2) .
We examined Potamocorbula amurensis (n = 3,984), an opportunistic species that lives in shallow waters near estuaries, for trematode-induced malformations. Ninety-two out of 137 (67.2%) species occurrences of P. amurensis preserved trematodeinduced pits, proportional prevalence values ranged from 0.011 to 0.397 in species occurrences with n ≥ 10 valves (Fig. S1) , and prevalence values displayed statistically significant temporal and environmental variation. Median trematode prevalence values were significantly higher than expected by random chance [>99% confidence interval (CI)] during the initial onset of flooding (zone B) that led to upper estuarine conditions at the location of PRD-10 (Fig. 3) . The bootstrapped 95% CI for median prevalence and randomization and bootstrap analysis of mean values produced similar results (Fig. 3 and Fig. S2 ). Median and mean trematode prevalence values were significantly lower than expected by random chance (>95% CI and >99% CI, respectively) for samples from the maximum flooding zone (zone C3) (Fig. 3 and Fig. S2 ). The bootstrap analysis produced results consistent with the randomization. The median and mean prevalence values for all other zones are not statistically distinguishable from that expected by random chance (Fig. 3 and Fig. S2 ).
Discussion
We have demonstrated a strong link between the initiation (∼300 y) of sea-level rise in the Pearl River system and a significant increase in trematode prevalence. Indeed, this Holocene record may well serve as an example for what we can expect in the coming decades and centuries for estuarine environments subject to sea-level rise. There has been a growing recognition of the influence of eustatic sea-level change (and the resulting patterns of sediment accumulation) upon biotic patterns preserved in the fossil record. Indeed, the stratigraphic paleobiology paradigm provides a rigorous methodology for disentangling biotic history from stratigraphic bias (7) . A number of ecological variables in estuaries (e.g., relative abundances of taxa, salinity, productivity, and temperature, among others) can covary with sea-level change, and it is possible to rule out some of these variables as factors influencing the increase of trematode prevalence. There is no significant correlation between P. amurensis abundance and trematode prevalence (Spearman's r = 0.06, P = 0.62) (Fig. 4) , suggesting that the changing availability of intermediate host individuals through time did not influence parasite prevalence. Due to the lack of a comparable shorebird fossil record in these strata, it is impossible to assess the influence of temporal variation in definitive host abundance on parasite prevalence. There is no significant correlation between DC1 sample scores and trematode prevalence (Pearson's r = 0.05, P = 0.67) (Fig. 4) , suggesting that changes in salinity through time did not influence prevalence either. We currently have no proxy for productivity and cannot assess its role in a quantitatively meaningful way. Liu et al. (16) have analyzed stable isotope values of ostracods from a nearby core but have determined that δ 18 O variation is the result of fluctuating salinity values; therefore, we are unable to test the contributing role of temperature to trematode prevalence at this time.
By the end of the 21st century, mean sea-surface temperature is expected to increase 1-3°C, and the global mean sea level is expected to rise 0.44-0.74 m (17) . Numerous studies have suggested that the ranges of many pathogens will expand or shift poleward and potentially increase prevalence as a result of this anthropogenic climate change (1-6), but lack a longer temporal perspective. The insights offered by our high-resolution Holocene data are that trematode-prevalence values in brackish settings will be significantly higher during the initial stage of rapid sea-level rise in the coming centuries and will significantly decrease by the maximum flooding stage. An increase in trematode prevalence will have significant implications for ecological and human health. Increased gymnophallid trematode prevalence could harm populations of the dominant molluscan macrobenthos by castrating and consuming various organs of their molluscan intermediate hosts and potentially altering their behavior to make them more susceptible to their own predators (13, 14, (18) (19) (20) , thereby significantly altering the estuarine trophic web at multiple levels. Moreover, estuaries serve as nurseries for many commercially important marine fishes, and their juvenile populations are particularly sensitive to climatic variation (21) . Significant alterations in the estuarine trophic web induced by increased trematode prevalence coupled with anthropogenic climate change could function as a double whammy for commercial fisheries.
A strictly conservative interpretation of our data would be limited to gymnophallid trematodes in estuarine environments; however, our results may have implications beyond the estuary because increased prevalence during transgression has been identified in very different environmental settings. Trematode prevalence among marine bivalves from Pleistocene and Holocene strata of the Po River plain is significantly higher in transgressive systems tracts (TSTs) than in highstand systems tracts (HSTs) (10) . Moreover, this pattern persists when comparing modern bivalve death assemblages from TST-like and HST-like settings in the northern Adriatic (22) . Huntley and Scarponi (10) suggested that environmental disturbances (e.g., high sedimentation rate and salinity fluctuations) were less common in TST lower shoreface settings than in comparable facies of the HST, making for more suitable conditions for marine trematodes. Although the pattern of increased trematode prevalence during sea-level rise in the Pearl River Delta estuarine samples is consistent with the pattern identified among the Northern Adriatic marine samples, Huntley and Scarponi's (10, 22) hypothesized mechanism does not satisfactorily explain these new data. Regardless of the mechanism producing the pattern, trematode prevalence is significantly greater during times of transgression in both marine and estuarine settings than during regression. It is, therefore, not unreasonable to explore the implications of increased trematode prevalence in freshwater settings during transgression. Perhaps we should expect to see an increase in the prevalence of schistosomiasis accompanying sealevel rise in the coming decades and centuries. Indeed, Schistosoma japonicum, the trematode genus responsible for schistosomiasis in China, thrives in freshwater marshes and lakes, which are suitable environments for their gastropod intermediate hosts (23) . There is grave concern that the construction of the Three Gorges Dam and its 600-km-long reservoir will serve as a vast new habitat suitable for schistosome-bearing gastropods (24) . Similarly, continued flooding of river valleys by sea-level rise should increase the number of subdivided, yet connected, freshwater habitats in upper estuaries, thus expanding habitats suitable for schistosomes and their hosts. This problem is exacerbated by the high density of humans (definitive hosts) in the Pearl River Delta and the Guangdong Province (>100 million inhabitants) (25) . Great strides have been made in reducing schistosomiasis infections in China from ∼12 million people in 1949 to less than 1 million in 2004 (24) ; however, the Holocene fossil record of trematode trace fossils seems to suggest that these gains are threatened by continued sea-level rise associated with anthropogenic climate change.
Methods
The PRD-10 core was drilled in the center of the Pearl River Delta plain (22°43′ 22.0′′ N, 113°14′ 42.0′′ E) to a depth of 24 m spanning the Holocene and penetrating Pleistocene deposits. The 21 segments of core were cut in half; one half was used for facies analysis and the other half was sampled every 10 cm (3-cm-thick samples) for micro-and macrofossil analysis for 168 samples. Seventeen 10-cm-thick samples were taken for radiocarbon analyses. The radiocarbon dates suggest continuous deposition through the Holocene and depositional rates of ∼0.32 cm/y in the Early and Late Holocene and ∼0.19 cm/y in the Middle Holocene. Abundance data were collected for bivalves, gastropods, ostracods, and foraminifera. Paleocommunity analyses (nonmetric multidimensional scaling and cluster analyses) coupled with macrofacies analysis allowed for the establishment of nine zones (A-I) and three subzones (C1-C3), indicating the depositional environments. Here, we consider zones and subzones A-G and refer to them simply as zones. See Alberti et al. (15) for details on the methodologies, results, and interpretations of these analyses.
The core was highly fossiliferous, and 18,274 mollusk shells were recovered. The bivalves Cyrenodonax formosana and P. amurensis were by far the most abundant bivalve, and indeed molluscan, taxa, constituting 71.8% and 25.7% of bivalve individuals, respectively. C. formosana (9,576 valves) and 3,984 valves of P. amurensis were inspected for pits and blisters indicative of trematode infestation (13) using a Zeiss V12 SteREO Discovery stereo microscope, and photomicrographs were taken with a Jenoptik Speed XT5 digital camera. The oval-shaped pits with raised rims that are characteristic of trematode infestation were very common in P. amurensis, but not so common in C. formosana. Rather, C. formosana displayed purple blisters and discoloration ranging in morphology from the size and shape of trematode pits found in P. amurensis to linear raised purple streaks on the interior of the valves. Such discolorations and blisters have been linked to trematode infestation (26), but they are not as diagnostic as the pits. Therefore, the conservative approach to data interpretation dictates that we not consider the C. formosana traces further in this study.
P. amurensis was present in most samples of the core, although not at consistent abundances. Trematode-induced pits were similarly present through much of the core although their abundance was not consistent (Fig.  S1 ). Trematode prevalence was calculated as the proportion of valves within a single-species occurrence that exhibited trematode-induced pits or blisters. Further analyses of trematode prevalence values were restricted to single species occurrences with 10 or more valves. Trematode prevalence values were arcsine-transformed and sorted by zone, and 95% confidence intervals were bootstrapped with SAS 9.3. A randomization was conducted in SAS 9.3 to explore the range of median and mean prevalence values expected by random chance. Trematode prevalence values were randomly shuffled into bins that mimicked the sample sizes of zones A, B, C1, C2, C3, D, E, and G, and the median or mean prevalence value (randomizations were run separately for each metric) was calculated for each bin. This process was conducted at 10,000 iterations, and 95% and 99% confidence intervals were calculated (2.5 and 97.5 percentile and 0.5 and 99.5 percentile values from each bin's distribution of 10,000 estimates of central tendency, respectively). Zone F was not included in the randomization because none of its singlespecies occurrences of P. amurensis contained more than 10 valves. Zone H was not included in the bootstrap or randomization simulations because it did not have any occurrences of P. amurensis.
Detrended correspondence analysis (DCA) was conducted in PAST version 2.17c on a matrix of molluscan (bivalve and gastropod) presence/absence data. Abundance data were calculated as the number of individuals per 100 g of sediment. Taxon singletons were removed from the matrix before analysis. See ref. 15 for this data matrix. Abundance data were converted to presence/ absence data to reduce the dominance of the ordination by the two highly dominant taxa C. formosana and P. amurensis. Select taxa were coded for salinity tolerance based upon descriptions in ref. 15 and the World Register of Marine Species database (27) .
